Subtropical natural forests are unique due to their ecological and economic functions. However, most of these forests are highly degraded, which impairs the ability to provide ecological and economic benefits. Enrichment planting is an important approach to restore natural degraded forests. Species arrangement is of great importance to inform enrichment planting. Species association refers to the interrelationship of different species occupying a habitat and is a static description of the organic connection formed by the interaction of species. Species association, therefore, provides a scientific basis for species arrangement in enrichment planting. Additionally, because an old-growth forest is a climax community that has attained great age without significant disturbance, the species association in an old-growth forest can provide valuable information on the reference conditions for forest management. In this study, the species association between dominant tree species (including saplings and adult trees) was investigated in an old-growth forest in the Gutianshan National Nature Reserve in Zhejiang province in subtropical China. The objective of the study was to inform species arrangement for enrichment planting. The result showed that the overall species association exhibited a significant net positive association, indicating a dynamic balance of stable structure and species composition in the old-growth forest. Additionally, the pairwise species association was examined using the χ 2 test, the Dice index, and Spearman's rank correlation coefficient; significant positive and negative pairwise species associations were detected. Based on the species association and the light requirements of the tree species, an optimal species arrangement was determined to support enrichment planting for restoring natural degraded forests. It is expected that the results of this study will contribute to the restoration of natural degraded forests in subtropical China.
Introduction
China has 84.91 million ha of subtropical natural forests with a total volume of 66.79 hundred million m 3 [1] . Subtropical natural forests have unique ecological functions related to soil and water conservation, biodiversity conservation, and water and air purification, e.g., high biodiversity, complex structure, and high productivity [2] [3] [4] . However, in the past, because of long-term extensive 
Plot Establishment and Data Collection
In 2009, three 1 ha plots (100 m × 100 m) were established in an old-growth forest in the Gutianshan National Nature Reserve. This old-growth forest has a stand age of more than 100 years and is located in the core area of the Gutianshan National Nature Reserve. Historically, there was almost no anthropogenic disturbance to this old-growth forest due to its extremely remote location. Therefore, it represents the climax forest community in this area. Each 1 ha plot was further divided into one hundred 10 m × 10 m subplots, in which all individual trees with diameter at breast height (DBH) greater than 1 cm were identified to the species level and the DBH, survival status, and location were also recorded. The plots were re-measured every five years; this study was based on the latest measurement data in 2014. Following Zhao et al. [23] , the trees were categorized into saplings (S) (DBH < 5.0 cm and H ≥ 1.3 m) and adult trees (U) (DBH ≥ 5.0 cm and H ≥ 1.3 m).
Importance Value
The importance value (IV) is a comprehensive evaluation index used to indicate the relative importance of a species in a forest community; the larger the IV of the species, the greater the dominance in the plot is [42] [43] [44] . The IV was calculated as follows:
= ∑ (3) 
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Importance Value
The importance value (IV) is a comprehensive evaluation index used to indicate the relative importance of a species in a forest community; the larger the IV of the species, the greater the dominance in the plot is [42] [43] [44] . The IV was calculated as follows: where S is the total number of species, d i is the basal area of the ith species, n i represents the number of individuals of the ith species, and f i denotes the number of quadrats in which the ith species occurred.
Overall Species Association
The variance ratio (VR) test, which is based on species presence or absence, has been used to examine the overall association [45, 46] . The VR was calculated using the following formula [45] :
where S is the total number of species, N represents the total number of quadrats, T j is the number of species in the jth quadrats, n i denotes the number of quadrats in which the ith species occurred, and t is the average number of species in the quadrats. If there is no overall association, the expected value of VR is 1. If VR < 1, the species exhibits a net negative association; conversely, a net positive association is observed [47] . Furthermore, we computed the statistic W = N × VR to test whether the deviations of the VR from 1 were significant. If there is no significant overall species association, there is a 95% probability that W lies between the limits given by the χ 2 distribution: χ 2 0.05 ≤ W ≤ χ 2 0.95 [47] .
Pairwise Species Association
If the VR test indicated a significant overall species association, the pairwise species association was investigated. In this study, we used the χ 2 statistics, Spearman's rank correlation coefficient (SRCC), and the Dice index (DI) to measure the species association between all possible dominant species pairs.
The χ 2 Test
The χ 2 statistic, which is based on a 2 × 2 contingency table, is normally used to qualitatively measure the species association [48] . However, biased estimation of the χ 2 test statistic may occur if a cell in the 2 × 2 contingency table has an expected frequency of less than 1 or if more than two of the cells have expected frequencies of less than 5 [49] . A corrected χ 2 test (Yates's correction) was, therefore, employed in this study to determine the species association. The corrected χ 2 statistic is calculated as follows:
When χ 2 < 3.841, the species are independent of each other and no association is detected; when 3.841 ≤ χ 2 < 6.635, there is a significant association between the species; when χ 2 ≥ 6.635, there is a highly significant association between the species [50] . When ad -bc > 0, the association is positive and when ad -bc < 0, the association is negative.
Dice Index (Di)
Since the χ 2 test only provides a qualitative determination of species associations, the degree of species association for each species pair cannot be quantitatively described [47, 51] . The DI is, therefore, used to quantitatively represent the degree of association. The DI was calculated with the following equation:
The range of DI is (0, 1). When DI is equal to 0, there is no association, indicating that the species pairs are completely independent of each other and they may not appear in the same quadrat. In contrast, when DI is close to 1, the species pairs have the highest probability to appear in the same quadrat.
In Equations (3) and (4) , N is the total number of quadrats, a is the number of quadrats with both species, b denotes the number of quadrats in which only species A occurs, c represents the number of quadrats in which only species B occurs, and d is the number of quadrats with neither species A nor species B.
Spearman's Rank Correlation Coefficient (SRCC)
The χ 2 test and DI use binary data to investigate species association and inevitably, some information is lost, e.g., species abundance [47] . In contrast, the SRCC, which uses the rank of the data, is a nonparametric technique for evaluating the degree of linear association or correlation between independent variables. The SRCC does not only provide information on species association but also on species covariance [52] , which represents an improvement over species association [53] . The SRCC is defined as follows [54] :
where r (i, k) is the Spearman's rank correlation coefficient, N is the total number of quadrats, x ij is the rank of species i in quadrat j, and x kj is the rank of species k in quadrat j.
In this study, R software [55] was employ for statistical analysis. The χ 2 statistics, SRCC, and DI were derived using the R package "spaa" [56] , "plyr" [57] , and "corrplot" [58] .
Results

Species Composition and Stand Structure
In the sample plots, a total of 59 tree species (DBH ≥ 5.0 cm) with a density of 925 trees ha −1 , mean DBH of 17.2 cm, and mean basal area of 0.0321 m 2 , were identified in the old-growth forest.
Since the IVs of some species were extremely small, we only list the top ten dominant tree species, which accounted for 76.45% of the total important value ( Table 1 ). C. eyrei had the largest IV (23.34) followed by S. superba (20.24); their IVs were significantly higher than those of the other tree species. Additionally, the light requirement and descriptive statistics of the top ten dominant tree species are also provided in Table 1 .
For each dominant tree species, we grouped the trees into 5-cm diameter classes to determine the distribution ( Figure 2 ). Most of the dominant species showed reverse J-shaped curves. The tree species with DBH larger than 50 cm included C. eyrei (62.0 cm), S. superba (55.9 cm), M. thunbergii (53.0 cm), and C. tibetana (51.8 cm), though the individual trees in the DBH class larger than 50 cm are not visible in Figure 2 due to their small number.
Overall Associations of Dominant Species
The overall species association between all possible dominant species pairs was measured by the VR test. The results indicated an overall net positive species association (VR = 1.35 > 1). The W statistics was equal to 406.37, which fell outside the confidence interval, i.e., For each dominant tree species, we grouped the trees into 5-cm diameter classes to determine the distribution ( Figure 2 ). Most of the dominant species showed reverse J-shaped curves. The tree species with DBH larger than 50 cm included C. eyrei (62.0 cm), S. superba (55.9 cm), M. thunbergii (53.0 cm), and C. tibetana (51.8 cm), though the individual trees in the DBH class larger than 50 cm are not visible in Figure 2 due to their small number. 
Pairwise Species Associations of Dominant Species
Test of Pairwise Species Associations
The χ 2 statistic was calculated to determine the pairwise species association; the results are provided in Figure 3 . There were 190 species pairs; 37 pairs (19.5%) had highly significant positive associations, 8 pairs (4.2%) exhibited significant positive associations, 28 pairs (14.7%) had highly significant negative associations, and 6 pairs (3.2%) demonstrated significant negative associations.
Overall Associations of Dominant Species
The overall species association between all possible dominant species pairs was measured by the VR test. The results indicated an overall net positive species association (VR = 1.35 > 1). The W statistics was equal to 406.37, which fell outside the confidence interval, i.e., χ 2 0.05 ≤ W ≤ χ 2 0.95 (χ 2 0.95 (300) = 260.88, χ 2 0.05 (300) = 341.40) and confirmed the significance of the species association.
Pairwise Species Associations of Dominant Species
Test of Pairwise Species Associations
The χ 2 statistic was calculated to determine the pairwise species association; the results are provided in Figure 3 . There were 190 species pairs; 37 pairs (19.5%) had highly significant positive associations, 8 pairs (4.2%) exhibited significant positive associations, 28 pairs (14.7%) had highly significant negative associations, and 6 pairs (3.2%) demonstrated significant negative associations. 
Discussion
Final Determination of Species Associations
The overall species association describes the static relationship among all species in the community and reflects the stability of the community structure and species composition [50, 51] . A significant overall net positive association was observed in the old-growth forest, indicating that it has a stable structure and its species composition is in a dynamic balance. Additionally, a mutually beneficial relationship may exist.
The results of the χ 2 test, DI, and SRCC were consistent but there were also some differences. The χ 2 test has been widely used to determine species association; however, it does not provide information on the degree of association [59] . Although the DI quantitatively describes species association and outperforms the χ 2 test, it is based on binary data, which inevitably leads to a loss of information. In a comparison study, it was demonstrated that the SRCC was suitable for the use of continuous data to evaluate the degree of linear association or correlation between independent variables; it is also unaffected by the distribution of the population [47, 52] . Therefore, the SRCC is well suited to be used in conjunction with the χ 2 test for determining species association. Many authors [60] [61] [62] [63] suggested that the combination of the χ 2 test and the SRCC was necessary to provide reliable results.
In this study, we determined the final species association based on the χ 2 test and the SRCC with the DI as supporting information. We grouped the species associations into four categories according to their priority when conducting enrichment planting. Species pairs that exhibited significant associations in both the χ 2 test and SRCC and whose DI values indicated strong associations were given 
Discussion
Final Determination of Species Associations
In this study, we determined the final species association based on the χ 2 test and the SRCC with the DI as supporting information. We grouped the species associations into four categories according to their priority when conducting enrichment planting. Species pairs that exhibited significant associations in both the χ 2 test and SRCC and whose DI values indicated strong associations were given first priority. Species pairs that exhibited significant associations in both the χ 2 test and SRCC but whose DI values did not indicate strong associations were given secondary priority. Species pairs that exhibited significant associations in either the χ 2 test or SRCC and had DI values that indicated strong associations were given third priority. The fourth priority pairs refer to pairs that exhibited significant associations either the χ 2 test or SRCC and whose DI values did not indicate strong associations. The four categories of species pairs are listed in Table 2 .
Possible Reasons for the Observed Species Associations
Species pairs with significant positive associations normally share similar ecological characteristics and hence have similar environmental requirements. This similarity means that they are closely associated and coexist well [23] [24] [25] 64] . This was fully supported by our results. For instance, the thermophilic and barren-tolerant species pair (S. superba (U)-C. eyrei (U)) and the fertile-and acid-loving species pair (C. tibetana (U)-M. thunbergii (U)) were significantly associated. Although coexistence may result in competition, overall, a significant positive association was exhibited [23, 65] .
We observed significant positive interspecific associations between saplings and non-parental adult trees pairs, e.g., S. superba (S)-Q. serrata (U), C. eyrei (S)-Q. serrata (U), C. tibetana (S)-M. thunbergii (U), and M. thunbergii (S)-C. glauca (U). This positive association was attributed to the niche differentiation of resources utilization [25, 66] . A similar finding was also reported by Zhao et al. [23] who reported a positive association between the saplings of Vitis amurensis and the adult trees of Abies nephrolepis. The authors attributed the positive association to the shady environment provided by the adult trees of A. nephrolepis since the saplings of V. amurensis require shade. Additionally, in the present study, all saplings were observed to have a significant positive intraspecific association with their parent trees, i.e., the sapling was able to survive and develop under the adult trees of the same species. Many authors found similar results and attributed it to the limited seed dispersal ability [23, 25, 67, 68] .
Conversely, the pairs with significant negative associations, e.g., Q. serrata (U)-C. tibetana (U), Q. serrata (U)-M. thunbergii (U), and C. glauca (S)-N. aurata var. chekiangensis (S) have different habitat requirements and interspecific competition occurs in cases of resource scarcity. Consistent with our findings are results that have been reported in the studies [23, 25, 69] .
Implications for Enrichment Planting
Most natural degraded forest have a degraded canopy, which results in lower efficient of photosynthesis in comparation to vigorous canopy [70, 71] . Additionally, the forest is usually comprised of low-value tree species [72] . Furthermore, due to forest fragmentation, the seed dispersal mechanism is often problematic, resulting in a lack of natural regeneration of high-value tree species and late-successional tree species [72, 73] . Therefore, it is necessary to conduct enrichment planting with positively associated, high-value, late-successional tree species. Table 2 . The classification of tree species association pairs for the species arrangement.
Significant Positive Associations
Significant Negative Associations Information on species associations provides a theoretical basis for enrichment planting [51] . Additionally, the light requirement of tree species are also an important factor in species arrangement for enrichment planting [74, 75] . Generally, tree species are grouped into shade-intolerant species, shade-tolerant species, and opportunistic species according to their light requirements [76, 77] . Shade-intolerant species are usually pioneer species that easily regenerate and become established in large stand gaps or in open areas [78, 79] . These species are well suited for planting in sufficiently large gaps or in open areas. In comparison, shade-tolerant tree species can regenerate in moderate shade and are usually found in larger numbers in the understory of forests [78, 79] . These species are particularly suited for planting under the canopy during the restoration of natural degraded forests. Opportunist or non-pioneer shade-intolerant species are species with intermediate light demand and can regenerate in or even require shade for germinating seedlings but require more light when mature [79] . These tree species are characterized by their high adaptability and robustness and hence are suited for all types of restoration of natural degraded forests.
We provide the following suggestions for enrichment planting based on species association and the light requirement of tree species. For forest gaps and relatively large openings, the following positively associated shade-intolerant species or opportunistic species are recommended: Q. serrata var. brevipetiolata (U)-S. superba (U), Q. serrata var. brevipetiolata (U)-C. eyrei (U), S. superba (U)-C. eyrei (U), S. superba (S)-C. eyrei (S), Q. serrata var. brevipetiolata (S)-S. superba (S), and Q. serrata var. brevipetiolata (S)-C. eyrei (S). Since there may not always be gaps or openings in natural degraded forests, it might be necessary to create gaps in dense parts of forests.
In In contrast, it is necessary to avoid planting saplings that have a significant negative association with nearby adult trees. For instance, it is suggested to avoid planting the saplings of C. subavenium and M. thunbergii under the adult trees of Q. serrata var. brevipetiolata, the saplings of C. tibetana and M. thunbergii under the adult trees of S. superba, and the saplings of M. thunbergii and C. glauca under the adult trees of C. eyrei. Additionally, negatively associated sapling pairs are not recommended to be planted together, i.e., C. tibetana (S)-C. eyrei (S), C. glauca (S)-C. eyrei (S), C. glauca (S)-C. myrsinifolia (S), C. glauca (S)-N. aurata var. chekiangensis (S), Q. serrata var. brevipetiolata (S)-C. subavenium (S), and C. tibetana (S)-C. myrsinifolia (S).
Conclusions
In this study, we investigated the overall association of dominant species as well as the intra-and interspecies associations among saplings and adult trees in an old-growth forest in the Gutianshan National Nature Reserve, Zhejiang province. A significant overall net positive association was observed in the old-growth forest, indicating that it has a stable structure and its species composition is in a dynamic balance. Based on the intra-and interspecies associations and light requirement of the species, we drew the following conclusions: (1) positively associated shade-intolerant species or opportunistic species are suggested for planting in gaps or large forest openings; (2) shade-tolerant species, which have significant positive associations with the nearby adult tree, are suggested for planting under the tree canopy; (3) positively associated shade tolerant sapling pairs are also suggested for planting under the tree canopy; (4) it is necessary to avoid planting saplings that have a significant negative association with nearby adult trees; (5) negatively associated sapling pairs are not suggested to be planted together. It is expected that the results of this study will contribute to the restoration of natural degraded forest in subtropical China.
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